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Abstract: This paper proposes a novel control system for the path planning of an omnidirectional
mobile robot based on mixed reality. Most research on mobile robots is carried out in a completely real
environment or a completely virtual environment. However, a real environment containing virtual
objects has important actual applications. The proposed system can control the movement of the
mobile robot in the real environment, as well as the interaction between the mobile robot’s motion and
virtual objects which can be added to a real environment. First, an interactive interface is presented
in the mixed reality device HoloLens. The interface can display the map, path, control command,
and other information related to the mobile robot, and it can add virtual objects to the real map to
realize a real-time interaction between the mobile robot and the virtual objects. Then, the original
path planning algorithm, vector field histogram* (VFH*), is modified in the aspects of the threshold,
candidate direction selection, and cost function, to make it more suitable for the scene with virtual
objects, reduce the number of calculations required, and improve the security. Experimental results
demonstrated that this proposed method can generate the motion path of the mobile robot according
to the specific requirements of the operator, and achieve a good obstacle avoidance performance.
Keywords: path planning; mixed reality; omnidirectional mobile robot; VFH*
1. Introduction
In recent years, with the improvements in production and life automation, the applications of
mobile robots are becoming more and more extensive [1–3]. In different scenarios, mobile robots
can play different roles, so it is necessary to design and develop robots according to specific user
requirements. Therefore, their types and functions are increasingly rich. Efficient path planning is
the core technology of a mobile robot, which enables it to move to the designated position in the
environments and avoid obstacles safely [4,5]. Different scenarios have different requirements for path
planning. Shorter paths can be chosen or safer distances can be considered. In addition, the research
and development of much equipment make the control methods of mobile robots more and more
abundant, which can meet the interactive tasks of operators in different working environments [6,7].
As a kind of mobile robot, the omnidirectional mobile robot (OMR) has attracted people’s attention
due to its unique characteristics. It has four Mecanum wheels, each of which has an axis of rotation
at a 45-degree angle to the robot body and is driven by a separate motor [8,9]. Therefore, it can carry
out lateral and oblique movements that cannot be completed by other constrained mobile robots,
due to the advantages of omnidirectional movement and good movement in a limited space [10,11].
The OMR is used in many practical situations, such as the omnidirectional mobile wheelchair [12].
Its motion characteristics make it of high research significance.
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For path planning, there are a lot of research results. Current methods include the A*
algorithm [13], D* algorithm [14], artificial potential field method [15], vector field histogram* (VFH*)
algorithm [16], etc. The VFH* algorithm is a combination of the improved VFH obstacle avoidance
algorithm and the A* algorithm. VFH is an object-oriented obstacle avoidance method [17]. Specifically,
the vector field histogram is used to represent the surrounding environment of the mobile robot, and the
next movement direction is selected according to the cost function of each direction [18]. But this
approach sometimes fails to choose the right direction. Therefore, I. Ulrich and J. Borenstein proposed
a new VFH* algorithm in [16] to minimize the cost and seek the global optimal solution with heuristic
functions. The path planning algorithm used in this paper is an improvement on the original VFH
* algorithm. These improvements make the method better applicable to the system proposed in
this paper.
Virtual reality (VR) technology simulates a virtual environment by computer to give people a
sense of immersion and to allow operators to interact with virtual objects [19–21]. At present, it has
been widely used in many fields. Compared with traditional robot control methods, VR can expand
the experimental operation space, eliminate security risks in human-robot interaction, and simplify
the experimental debugging process [22,23]. Mixed reality (MR) is a technology different from VR,
which can superimpose virtual objects into the real environment [24,25]. It also has an important
application in robot control [26]. With more and more research on VR and MR, it will certainly bring
new developments to many scientific technologies, including robot control.
At present, a lot of research has focused on VR with robot control. In [27], VR control of robot
movement is mentioned. The control information is combined with the robot’s motion through the
Internet, which could be used as a separate simulation system or parallel control with the real motion
system. There is also a system for real-time monitoring and networked control of remote robots,
which can collect various data about robot operations and complete various assembly tasks [28].
Besides, the robot is controlled by the designed VR technology, and the robot’s navigation function is
completed in the server, to realize a remote navigation system suitable for simple remote robots [29].
However, the above studies only control the real environment after virtualization, or merely control
the virtual robot, and there is no interaction between real robot motion and virtual objects.
This paper proposes a novel path planning interactive system based on MR. With more and more
practical applications of VR, mobile robots sometimes need to avoid some virtual objects, such as virtual
meetings that need to avoid projecting participants or factories that need to avoid certain locations.
The system is proposed for these scenarios. The work of this paper has two main points. Firstly, an MR
interaction system was developed to control the mobile robot. Additionally, virtual obstacles can be
added to the map of the robot’s movement based on specific needs, and path planning can be actively
modified. Secondly, the original VFH* algorithm was modified in terms of the threshold setting,
the candidate direction selection, and the cost function, making the generated path more suitable for
the scene in this paper and more safe and smooth. The remainder of this paper is organized as follows:
In Section 2, the system structure of this paper is described. Section 3 introduces the knowledge
regarding mixed reality. The dynamics of the omnidirectional mobile robot used in this paper are
discussed in Section 4. Section 5 introduces the basic process of the VFH* algorithm and describes the
improvement of the algorithm in detail. Section 6 describes the development process of the virtual
reality interactive system and the experimental results and effects of path planning. The conclusion of
this paper is presented in Section 7.
2. System Description
The system structure of this paper is shown in Figure 1; it can control the path planning of the
mobile robot through the interface of mixed reality, and realize the interactions between the real
environment and virtual objects innovatively. The wearer of the HoloLens uses it to send commands
to the computer and receive images. After receiving the commands, the computer combines the
corresponding path planning algorithm to generate the optimal path, and then sends it to the mobile
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robot to perform the motion process. When the wearer watches the control panel, the wearer can also
watch the mobile robot’s actual running state, thereby better controlling its movement.
Figure 1. Diagram for the system of research.
3. Mixed Reality System
3.1. Mixed Reality
VR is a familiar technology, and there are many applications in our lives, such as Oculus Rift [30].
In contrast with VR, which completely immerses the user in the virtual environment, MR is a
technology that superimposes the virtual environment onto the real environment and allows the
user to interact with the virtual environment [31].
In the process of interacting with the robot entity, so as to ensure safety and timeliness, the operator
needs to master the state of the robot in time to make corrections or decisions. In robot control based
VR, the operator can only operate through the virtual robot transmitted to the device. In practical
applications, the delay of transmission and the inaccuracy of the virtual robot state make the effect of
this control mode unsatisfactory. But in the robot control combined with MR, the above problems can
be well solved. When the operator using an MR device is immersed in the virtual environment, it can
also see the real environment. Therefore, the operator can interact with the robot through the virtual
environment while looking at the state of the real robot. While giving full play to the advantages of
MR, the influence on the control effect of the robot is reduced.
In this paper, MR is used to combine a real scene with virtual objects, and the control system of a
mobile robot is designed to avoid virtual obstacles.
3.2. Microsoft HoloLens
HoloLens is a head-mounted MR device with a Windows system installed, as shown in the
Figure 2. It is equipped with a 32-bit central processing unit (CPU), a graphics processing unit
(GPU), and a special holographic processing unit (HPU). The HPU can be used to process a large
amount of holographic and sensor data, and achieve motion tracking, spatial positioning, and other
functions, which are of great significance in the MR device. Various information fusions of the inertial
measurement unit (IMU), the environment understanding camera, a depth camera, and an ordinary
camera, enable the device to literally render the virtual environment, giving the wearer a better sense
of immersion [32]. In addition, HoloLens has a clear advantage when interacting with robots. As a
fully stand-alone device, it can be used independently without wired connection with other hardware
during use, which is convenient for the wearer to move with the robot [33]. At the same time, a variety
of interaction methods also make the robot control methods diverse.
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Figure 2. The mixed reality device HoloLens.
The development of the HoloLens requires the HoloToolKit development kit, Unity3D, and Visual
Studio. The HoloToolKit provides some scripts and components necessary to develop it. Unity3D was
used to design a mixed reality application suitable for HoloLens in combination with HoloToolKit,
and then Visual Studio deployed the designed application in HoloLens.
In this paper, HoloLens has two functions. One is to send control instructions and position of
virtual obstacles to the mobile robot, to control the movement of the robot. The other is to receive the
robot motion map and planning path, to master the robot motion information more comprehensively.
4. Kinematics of the Omnidirectional Mobile Robot
In this paper, the OMR structure is shown in the Figure 3. It is composed of four Mecanum wheels
whose rotational axis is at a 45-degree angle to the robot body, and each pair of diagonal wheels has
the same direction [34]. This design allows the mobile robot to move in all directions.
Figure 3. Model of the omnidirectional mobile robot.
According to the structure in Figure 3, the velocities of the four wheels of the mobile robot in the
x-axis and y-axis can be expressed as follows [35]:
vx1 =
v1√
2
+ vw1 = vrx + l1 ·ω (1)
vy1 =
v1√
2
= vry − l2 ·ω (2)
vx2 =
v2√
2
+ vw2 = vrx − l1 ·ω (3)
vy2 = − v2√
2
= vry − l2 ·ω (4)
vx3 =
v3√
2
+ vw3 = vrx + l1 ·ω (5)
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vy3 = − v3√
2
= vry + l2 ·ω (6)
vx4 =
v4√
2
+ vw4 = vrx − l1 ·ω (7)
vy4 =
v4√
2
= vry + l2 ·ω (8)
where vxn and vyn are the velocities of the four wheels on the x-axis and y-axis, respectively; vn is the
velocity at which the wheels turn; and vwn is the velocity of the wheels relative to the environmental
coordinate system (n = (1, 2, 3, 4), represents the number of wheels). vrx and vry are the overall
velocities of the mobile robot; ω is the angular velocity of the whole robot.
By solving Equations (1)–(8), the relationship between the wheels’ velocities with the overall
velocity and angular velocity of the mobile robot can be obtained. The relevant formula is as follows:
vw1
vw2
vw3
vw4
 =

1 −1 l1 + l2
1 1 −(l1 + l2)
1 1 l1 + l2
1 −1 −(l1 + l2)

 vrxvry
ω
 (9)
According to Equation (9), the inverse kinematics equal of the OMR can be expressed as:
 vxvy
ω
 = J ·

vw1
vw2
vw3
vw4
 (10)
The Jacobian Matrix J is:
J =
1
4
·

1 1 1 1
−1 1 1 −1
1
(l1 + l2)
− 1
(l1 + l2)
1
(l1 + l2)
− 1
(l1 + l2)
 (11)
The full rank Jacobian Matrix J shows that the mobile robot can move in all directions.
5. The Description of VFH* Algorithm
In this section, we first introduce the original VFH* algorithm, and then propose the modifications
based on it.
5.1. The VFH* Algorithm
The VFH* algorithm can be regarded as a path planning algorithm combining the VFH+ local
obstacle avoidance algorithm and the A* path planning algorithm. The VFH+ method determines the
forward direction of the robot through the following four steps [36]:
(1) Generating the polar histogram: The VFH+ algorithm divides the active region of the current
robot position into multiple sectors and calculates the obstacle density in each sector. Then the
density of each sector is arranged into histogram according to the sector number.
(2) Binarization polar histogram: One must select the appropriate threshold according to the actual
situation, and binarize the histogram generated in the previous step. Sectors above the threshold
are set as impassable areas, while sectors below the threshold are set as passable areas.
(3) Mask polar histogram: Considering the kinematics and the dynamics characteristics of the robot,
the current inaccessible sectors are set as the impassable areas.
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(4) Determining the direction of motion: The passable areas in the polar histogram are used as the
candidate direction; the cost is calculated according to the cost function; and the cost of the
passable area is sorted. The commonly used cost function is shown as follows:
g(c) = µ1 · ∆(c, kt) + µ2 · ∆(c, θα ) + µ3 · ∆(c, kp) (12)
where c denote the candidate direction, and g(c) is the cost value of the direction. µ1, µ2, and µ3
are three parameters that we need to determine according to the actual situation. ∆(c, kt) is the
absolute difference between the candidate direction c and the target direction kt. ∆(c,
θ
α
) represents the
associated with the difference between the candidate direction c and the robot’s orientation
θ
α
. ∆(c, kp)
represents the difference between the candidate direction c and the previous direction kp.
Finally, the passable area with the lowest cost is selected as the forward direction of the robot.
Since VFH+ only locally plans in real time, global optimization cannot be guaranteed. Therefore,
based on VFH+ and A* algorithms, Iwan Ulrich and Johann Borenstein proposed the VFH* algorithm.
The A* algorithm is the most effective direct search method for the shortest path in static road
network [16]. The VFH* algorithm uses the VFH+ algorithm to predict several future states of the
trajectory and form a path tree. Then, the A* algorithm is used to search the path tree, to find the
global optimal plan as the next movement direction of the robot’s current position.
In this paper, we modified the original VFH* algorithm via the threshold setting,
candidate direction selection, and cost function to make it more suitable for the scenario of this
paper. When the mobile robot deals with the virtual obstacles suddenly added to the map, it can have
a better obstacle avoidance effect.
5.2. Modification of VFH* Algorithm
5.2.1. The Threshold Setting
After generating the polar histogram, the selection of threshold values is very important to
determine the direction. If the threshold is too high, the mobile robot will neglect some obstacles on the
map, leading to collisions. At the same time, a high threshold will produce more candidate directions
and increase the calculation load. If the threshold is too low, the choice of candidate direction will be
reduced. When a narrow, passable road section is encountered, the passable direction is neglected by
a low threshold, precluding smooth movement. Besides, when virtual obstacles are added into the
map, the range of polarity will also increase. Therefore, the threshold of dynamic change shown in the
Figure 4 is adopted in this paper. When the mean value of polar coordinates in the polar histogram
is less than or equal to the specified value, the small threshold value is selected. When it is greater
than the specified value, the large threshold is selected. The change of threshold is related to the mean
value of polar coordinates, as shown below:
T1 =

tlow (∑
n
pn ≤ δp)
thigh (∑
n
pn > δp)
(13)
where pn is the polar histogram of each sector and δp is a parameter that distinguishes the size of the
density. In the experiment, we used δp = 1.6, tlow = 1.2 and thigh = 2.
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Figure 4. The threshold setting policy. (a) The low threshold setting. (b) The high threshold setting.
There is another special case to consider when selecting a threshold. When the target point is
located between the obstacle and the current position of the robot, and the obstacle is within the
detectable range. In this case, the direction to the target point is detected as impassable, so the robot
cannot reach the target point eventually. To avoid the result, we need to set a special and large
threshold for this case to make the direction of the target point passable. Combined with the previous
optimization process, the selection of the threshold is as follows:
T2 = max(T1,
γ
d2rt
) (14)
where drt is the distance from the mobile robot to the target point, and γ is a custom parameter that
determines the threshold change condition, in this experiment, γ = 0.5.
5.2.2. The Candidate Direction Selection
After determining the passable sectors, we added the process of sieving the sectors. When the
passable sector is the whole circle, which means the robot can move in any direction, the direction
towards the target point is undoubtedly a better choice. To avoid unnecessary cost calculation and
ensure the accuracy of direction selection, we reduced the passable sector in this case to the area near
the target sector, as shown in the Figure 5a.
Besides, when the passable sector is large (greater than 80◦), the direction close to the sector
boundary is not a good choice. We preferred choosing some directions inside the sector, which were
theoretically be safer. Therefore, for the passable sectors, in this case, we also made an appropriate
reduction, as shown in the Figure 5b.
As the obstacles in the constructed map will be inflated, the passage area will be safer. However,
when some obstacles are close to each other, the operation of obstacle inflation will make the previously
passable area impassable due to the narrow detected passable area. To reduce the occurrence of the
above situation, when the detected passable sector angle is between 10◦ to 20◦, we will adjust the
passable angle to make it passable in the above situation, as shown in the Figure 5c.
If the range of candidate directions does not fall into the above three cases, the generated candidate
directions are not adjusted. The above candidate direction selection strategy is expressed as follows:
Cd =

[crt − 20
◦
α
, crt +
20◦
α
] (β = 360◦)
[cl − 15
◦
α
, cr +
15◦
α
] (80◦ < β < 360◦)
cl + cr
2
(10◦ < β < 20◦)
[cl , cr] others
(15)
where Cd is the range of candidate direction sieved, crt is the sector from the robot’s current position to
the target point, β is the angle of the passable sectors, α is the angular resolution of sectors, cl and cr
are the left and right boundaries of the passable sector. We selected α = 2◦ in this experiment.
Appl. Sci. 2020, 10, 1135 8 of 16
Figure 5. The candidate direction selection policy. (a) The selection when the passable sector is the
whole circle. (b) The selection when the passable sector is large. (c) The selection when the detected
passable sector is small.
5.2.3. The Cost Function
After there are several candidate directions, their cost values become the key to which is chosen as
the final direction. Taking into account the omnidirectional mobile robot used in this paper—the robot
can move in any direction, unlike in Equation (12)—the cost function does not need to consider the
current robot angle. Since the VFH* algorithm uses path tree to judge the cost, for a generated path
tree, the cost of successor nodes should be related to the cost of previous nodes, which is similar to the
following A*algorithm heuristic function:
f (n) = g(n) + h(n) (16)
where g(n) is the cost from the starting node to the current node n, h(n) is the estimated cost from
the current node n to the target node, and f (n) is the last cost of the current node n. The cost function
of VFH* should also be heuristic and include the cost of previous nodes in the path tree. Therefore,
we used the following function:
g(cn) =λ1 · ∆(cn, dt) + λ2 · ∆(cn, dn−1)
g(cn+i) =λ3 · g(cn+i−1) + λ4 · ∆(cn+i, dt)
+ λ5 · ∆(cn+i, dn+i−1)
(17)
where cn is the candidate direction from the robot’s current position to the next node, cn+i is the
candidate direction of the i node in a path tree when generating the tree, ∆(cn, dt) is the absolute
difference of the sector between the candidate direction and the target direction, and ∆(cn, dn−1) is the
absolute difference of the sector between the candidate direction and the previous direction.
When calculating the first node with zero-depth in the path tree, the first equation in Equation (17)
is used. Only the target node and the previous direction need to be considered. When calculating the
successor nodes, the second equation in Equation (17) is used to consider not only the target node and
the previous direction, but also the cost of the node before the path tree, and then the cost of this node
is synthesized. So, i in Equation (17) should be no more than the depth of the path tree.
For parameter selection, the higher λ1(λ4), the more path selection tends toward the target region;
the higher λ2(λ5), the smoother the path selection tends to be. To achieve the effect of shortest path,
parameters should meet the following conditions:
λ1 > λ2, λ4 > λ5 (18)
At the same time, to make the method more sensitive to sudden virtual obstacles and to avoid
obstacles in time to generate a better path, λ3 parameters should also meet the following conditions:
λ3 · λ1 < λ4, λ3 · λ2 < λ5 (19)
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After the path tree of a node is generated, the mobile robot will move the distance of a node in the
direction with the lowest total cost in the tree, and then generate a new path tree at the location of the
new node. Repeat the above steps until the robot reaches the target point.
In the experiment, the relevant parameters of the cost function were as follows:
λ1 = 5,λ2 = 3
λ3 = 0.5,λ4 = 3,λ5 = 2
(20)
Combined with the original process of VFH* algorithm and the modification proposed in this
paper, the implementation process of the system obstacle avoidance algorithm is shown in Algorithm 1:
Algorithm 1 The improved VFH* algorithm
Input: Map information, start point and target point location;
Output: Trajectory;
1: while the distance between the robot and the target point ≤ 0.1 do
2: Generate polar histogram from current position;
3: The passable candidate direction is screened by combining threshold T2 and mask Cd;
4: The heuristic function g(cn) and g(cn+i) are used to calculate the cost of passable reference
direction;
5: Choose the direction with the least cost as the final direction;
6: Transmit the direction;
7: end while;
6. Experimental Results and Analysis
6.1. The Design of the Interactive System
The interactive system designed in this paper included the interactive interface of HoloLens,
the control of the mobile robot, and the communication between the two parts.
The interface was a virtual panel and some buttons with Unity3D software combined with
HoloToolKit, as shown in Figure 6. The panels can show the map and the mobile robot’s trajectory,
and the buttons can interact with the movement of the mobile robot. These buttons in the interface can
be used to establish communication with the mobile robot and receive the map and robot position,
control the start and stop of the robot, and set the position of the target point and obstacles through
gesture interaction. This control mode gives full play to the advantages of HoloLens, which can not
only see the real motion scene of the robot through the lens but also operate the projected virtual panel
only through gestures without the help of other devices.
We then built the project in a Visual Studio solution file in Unity3D, and used Visual Studio to
deploy the project to HoloLens via USB cable. When HoloLens and the mobile robot are on the same
LAN and their IP addresses are matched, HoloLens can control the mobile robot independently.
The communication mode in this system adopted the flow shown in Figure 7. Communication
between the interface in HoloLens and robot operating system (ROS) was conducted through
ROSBridge WebSocket. After receiving the information, the ROS system would send it to the ROS
plugin related to the path planning algorithm and map construction. Finally, the calculated motion
control information would be sent to the mobile robot that subscribed to it through the ROS topic.
HoloLens received information from ROS in the same way. Compared with other communication
protocols, WebSocket can frequently carry out two-way data transmission and maintain a persistent
connection between communication parties, which is more suitable for real-time control between robot
and HoloLens during robot movement in this system.
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Figure 6. The virtual panel in Unity3D.
Figure 7. Diagram of software and communication layout.
The complete system operation process is as follows:
(1) Establish a connection to synchronize the pre-acquired map and the initial coordinates of the
mobile robot;
(2) Set the moving target point and start the robot;
(3) In the process of robot movement, choose whether to add virtual obstacles and their positions;
(4) Transmit the current position of the real robot to the virtual panel in real-time until it reaches the
target point.
Because of the network transmission delay, the position of the robot in the virtual panel will be
slightly delayed from its actual position, but the operator can see the robot’s movement in the real
scene at the same time, so the impact of this small delay is not great.
6.2. Path Planning without Virtual Obstacles
This part of the experiment tested the actual effect of the proposed path planning algorithm
on the known map without virtual obstacles added. The map adopted was a 16 × 28 m simulation
environment, in which we put some fixed obstacles to test the effect of obstacle avoidance. One starting
point and two target points were set, which made the planning path longer and the experimental
results more universal. In order to better show the experimental effect, we used a dynamic window
approach (DWA) in the ROS navigation package as the comparison algorithm under the condition that
other variables were the same.
Based on two different path planning algorithms, the mobile robot started from the same point on
the map and passed through two target points, respectively. The trajectory generated on RViz was
shown in the Figure 8. The comparison of trajectory coordinates is shown in the Figure 9a. As can
be seen from the figures, both algorithms can enable the mobile robot to successfully avoid obstacles
and reach the target point. But the improved VFH* produces a smoother trajectory, which makes the
movement smoother. On the other hand, the trajectory generated by the proposed algorithm distance
from the obstacle was safer. When a narrow passage was encountered, the middle safer trajectory
was chosen.
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The comparison of the changes in velocity and angular velocity of the two algorithms in the
process of motion is shown in Figure 9b,c. When adopting the algorithm proposed in this paper,
the maximum and minimum of velocity and angular velocity respectively, were limited, and the
deceleration when obstacles were detected was optimized, so that it would not be reduced to zero
directly. In this way, the mechanical motion structure of the mobile robot can be better protected and
the moving process can be smoother. Meanwhile, by comparing the two figures, it can be seen that the
two curves suddenly changed at the same time: when the mobile robot detected obstacles to avoid.
Figure 8. Trajectory comparison in RViz. (a) Trajectory using the DWA algorithm. (b) Trajectory using
the improved VFH* algorithm.
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Figure 9. The results of different path planning methods were compared in the experiment I. (a) The
trajectory comparison. (b) The velocity comparison. (c) The angular velocity comparison.
Additionally, as can be seen from Table 1, under the premise of setting the same starting point
and target points, the improved method in this paper produces shorter path lengths, shorter robot
movement time than the traditional DWA method, and the sum of the distances to the obstacles is
further when the robot passes the same number of obstacles.
Table 1. Experimental results of parameters in the path planning without virtual obstacles.
Methods DWA The Improved VFH*
Path length (m) 17.91 17.36
Run time (s) 64.6 62.2
Passing obstacle 5 5
Sum of the distance
from the obstacle (m) 2.95 3.40
The improved algorithm proposed in this paper was effective in this experiment. The mobile
robot could smoothly avoid obstacles and safely reach the specified target point. Besides, the changes
of velocity and angular velocity were flexible and the system was robust.
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6.3. Path Planning with Virtual Obstacles
This part of the experiment showed the path planning effect of the mobile robot after adding
virtual obstacles to the map with HoloLens. We used the same map as the previous experiment and
set a starting point and a target point. The experimental operation process was as follows: When
the mobile robot moved to a certain position, two virtual obstacles were added to the map through
gesture control of HoloLens. Then, the path planning algorithm took these two virtual obstacles into
account and re-planed the path. The scenes in HoloLens before and after the operation of adding
obstacles are shown in Figure 10a,b. The actual path to avoid virtual obstacles in RViz is shown in
Figure 10c,d. The trajectory comparison of before and after the addition of virtual obstacles is shown in
Figure 11a. It can be seen that in the process of motion, when the mobile robot detected the suddenly
added obstacle, it would immediately change the previously planned trajectory, and it then re-planed
the trajectory according to the new map and moved according to the new trajectory.
The changes of velocity and angular velocity are shown in Figure 11b,c. The limitation of the
velocity was also to protect the mobile robot. After adding obstacles, the two curves would change
obviously due to the sudden detection of obstacles. When adding virtual obstacles, its position could
not be too close to the moving mobile robot, otherwise, obstacle avoidance would be confused.
Figure 12a,b respectively show the performances of the traditional VFH* path planning algorithm
and the DWA algorithm in the scene where virtual obstacles were suddenly added. It can be seen
that neither of the two methods could complete the experiment well. When using the DWA method,
it was difficult to update the path in time, so after adding virtual obstacles to the map, the mobile
robot did not correct the path to avoid the obstacles, but still moved according to the original path,
failing to reach the target point. Compared with the traditional VFH* method, the main reason why
the improved VFH* has a better effect is that the new cost function fully considers the characteristics
and requirements of the system. Since the platform used was OMR, the unaffected part of the original
function was removed, and the coefficient of the function was modified to make the algorithm more
sensitive to the virtual obstacles suddenly added in the distance and to adjust the path in time.
(a) (b)
(c) (d)
Figure 10. The trajectory in HoloLens and RViz before and after adding virtual obstacles. (a) The
scene in HoloLens before adding virtual obstacles. (b) The scene in HoloLens after adding virtual
obstacles. (c) The scene in RViz before adding virtual obstacles. (d) The scene in RViz after adding
virtual obstacles.
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Figure 11. The results before and after adding virtual obstacles in experiment II. (a) Trajectory
comparison before and after adding obstacles. (b) Change in velocity before and after adding obstacles.
(c) Change in angular velocity before and after adding obstacles.
(a) (b)
Figure 12. Comparisons with the experimental results of other path planning methods. (a) The path
planning effect using the DWA method. (b) The path planning effect using the traditional VFH* method.
6.4. Real Experimental Validation
To verify the actual effect of the system proposed in this paper in real situations, we tested
the system in a real experimental environment using the mobile robot mentioned in this paper.
The experimental environment was limited in a size of 3.5× 3 m, and three fixed obstacles were placed.
This part of the experiment tested a variety of scenes without or with virtual obstacles. The movement
process of the mobile robot in its experimental environment is shown in Figure 13.
Consistent with the simulation results, the system can directly control the mobile robot for path
planning, and set up virtual obstacles by a virtual panel to make the mobile robot avoid the location
we do not want to pass and reach the target point successfully. The system can be well applied to such
situations as virtual meetings that need to avoid some unreal obstacles.
To better illustrate the effect of this applied research, we evaluated the operator’s experience
from the perspectives of operating equipment number, operating time, and convenience. When using
the system designed in the paper, operators can send commands simply by interacting with a device
called HoloLens through gestures. When using a computer for control, it also needs to be controlled by
peripherals such as keyboard and mouse, so the control end needs at least three devices, including the
host. In terms of operation time, because the system integrates all the instructions, they can be
implemented on the same panel. The total operation time for the above four physical experiments
was 13 s, while when directly controlled by computer, different instructions were input on different
interfaces, and the total time was 27 s. Finally, when the HoloLens is used for control, the control
panel and the actual scene are in the same perspective, which is more convenient for control and
can have a better interactive effect with the virtual object. However, when the computer is used for
control, the operator needs to observe the screen and the actual scene at the same time, and there is no
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immersion effect. Therefore, compared with the traditional method, using this system to control the
mobile robot is more efficient and more convenient.
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
Figure 13. Verifying the results of the experiment with the real omnidirectional mobile robot. The top
left corner of each picture is the image in HoloLens. Since HoloLens superimposes virtual objects on
a real scene, the cabinet in the real scene can be seen in the image. (a–f) The process comparisons
of reaching the target point without and with virtual obstacles, respectively. The green circles are
the virtual obstacles that do not exist in the real scene and only act on the cost map of the mobile
robot. (g–l) Comparisons of processes that return to the starting point without and with virtual
obstacles, respectively.
7. Conclusions
In this paper, a novel mobile robot path planning interactive system combined with MR is
proposed to meet the needs of real robots and virtual-object-interaction scenes. An MR interaction
system was designed, in which the MR device HoloLens can either simply control the mobile robot
to do the path planning in the real map, or combine virtual objects to plan the path to meet specific
requirements. At the same time, the original VFH* algorithm can be improved in terms of the threshold
setting, the candidate direction selection, and the cost function, so as to generate a safer and smoother
path, which is suitable for the real scenario in this paper. The path planning in the paper can also
change other methods according to the requirements of practical applications, but the methods need
to be optimized according to the characteristics of the interactive system. Using MR to control the
mobile robot’s movement has many advantages. MR allows the operator to see the real environment
of the mobile robot while seeing the virtual objects, making the control more secure and real-time.
At the same time, the interaction between virtual objects and the real environment can meet the needs
of the increasing number of virtual environments. The integration of HoloLens enables the operator
Appl. Sci. 2020, 10, 1135 15 of 16
to realize the remote interaction of the mobile robot with less equipment. In future work, we will
continue to focus on the research and applications of VR and MR in the field of robot control.
Author Contributions: M.W. conceived the method, performed the experiments and wrote the paper;
C.Y. conceived the method and helped to improve it; S.-L.D. further helped to improve it. All authors have read
and approved the manuscript.
Funding: This work was partially supported by Foshan Science and Technology Innovation Team Special Project
under Grant 2018IT100322 and National Nature Science Foundation (NSFC) under Grant 61973129.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Ge, S.S.; Cui, Y.J. New potential functions for mobile robot path planning. IEEE Trans. Robot. Autom. 2000,
16, 615–620. [CrossRef]
2. Kretzschmar, H.; Spies, M.; Sprunk, C.; Burgard, W. Socially compliant mobile robot navigation via inverse
reinforcement learning. Int. J. Robot. Res. 2016, 35, 1289–1307. [CrossRef]
3. Pandey, A.; Pandey, S.; Parhi, D. Mobile robot navigation and obstacle avoidance techniques: A review.
Int. Robot. Autom. J. 2017, 2, 00022. [CrossRef]
4. Pivtoraiko, M.; Knepper, R.A.; Kelly, A. Differentially constrained mobile robot motion planning in state
lattices. J. Field Robot. 2009, 26, 308–333. [CrossRef]
5. Ge, S.S.; Cui, Y.J. Dynamic motion planning for mobile robots using potential field method. Auton. Robot.
2002, 13, 207–222. [CrossRef]
6. Nakamura, Y.; Hanafusa, H. Inverse kinematic solutions with singularity robustness for robot manipulator
control. J. Dynam. Syst. Meas. Control 1986, 108, 163–171. [CrossRef]
7. Maani, C.V.; Hoffman, H.G.; Morrow, M.; Maiers, A.; Gaylord, K.; McGhee, L.L.; DeSocio, P.A. Virtual reality
pain control during burn wound debridement of combat-related burn injuries using robot-like arm mounted
VR goggles. J. Trauma 2011, 71, S125. [CrossRef]
8. Pin, F.G.; Killough, S.M. A new family of omnidirectional and holonomic wheeled platforms for mobile
robots. IEEE Trans. Robot. Autom. 1994, 10, 480–489. [CrossRef]
9. Salih, J.E.M.; Rizon, M.; Yaacob, S.; Adom, A.H.; Mamat, M.R. Designing omni-directional mobile robot with
mecanum wheel. Am. J. Appl. Sci. 2006, 3, 1831–1835.
10. Liu, Y.; Wu, X.; Zhu, J.J.; Lew, J. Omni-directional mobile robot controller design by trajectory linearization.
In Proceedings of the 2003 American Control Conference, Denver, CO, USA, 4–6 June 2003; Volume 4,
pp. 3423–3428. [CrossRef]
11. Wang, C.; Liu, X.; Yang, X.; Hu, F.; Jiang, A.; Yang, C. Trajectory tracking of an omni-directional wheeled
mobile robot using a model predictive control strategy. Appl. Sci. 2018, 8, 231. [CrossRef]
12. Kondo, Y.; Miyoshi, T.; Terashima, K.; Kitagawa, H. Navigation Guidance Control Using Haptic Feedback
for Obstacle Avoidance of Omni-directional Wheelchair. In Proceedings of the 2008 Symposium on Haptic
Interfaces for Virtual Environment and Teleoperator Systems, Reno, NE, USA, 13–14 March 2008; pp. 437–444.
[CrossRef]
13. Yao, J.; Lin, C.; Xie, X.; Wang, J.A.; Hung, C.C. Path Planning for Virtual Human Motion Using Improved
A Star Algorithm. In Proceedings of the Seventh International Conference on Information Technology:
New Generations, Las Vegas, NV, USA, 12–14 April 2010.
14. Ferguson, D.; Stentz, A. Using interpolation to improve path planning: The Field D algorithm. J. Field Robot.
2010, 23, 79–101. [CrossRef]
15. Qixin, C.; Yanwen, H.; Jingliang, Z. An Evolutionary Artificial Potential Field Algorithm for Dynamic Path
Planning of Mobile Robot. In Proceedings of the 2006 IEEE/RSJ International Conference on Intelligent
Robots and Systems, Beijing, China, 9–15 October 2006; pp. 3331–3336. [CrossRef]
16. Ulrich, I.; Borenstein, J. VFH/sup */: Local obstacle avoidance with look-ahead verification. In Proceedings
of the 2000 ICRA. Millennium Conference. IEEE International Conference on Robotics and Automation.
Symposia Proceedings (Cat. No.00CH37065), San Francisco, CA, USA, 24–28 April 2000; Volume 3,
pp. 2505–2511. [CrossRef]
Appl. Sci. 2020, 10, 1135 16 of 16
17. Borenstein, J.; Koren, Y. The vector field histogram-fast obstacle avoidance for mobile robots. IEEE Trans.
Robot. Autom. 1991, 7, 278–288. [CrossRef]
18. Qu, P.; Xue, J.; Ma, L.; Ma, C. A constrained VFH algorithm for motion planning of autonomous vehicles.
In Proceedings of the 2015 IEEE Intelligent Vehicles Symposium (IV), Seoul, Korea, 28 June–1 July 2015;
pp. 700–705. [CrossRef]
19. Jayaram, S.; Connacher, H.I.; Lyons, K.W. Virtual assembly using virtual reality techniques.
Comput. Aided Des. 1997, 29, 575–584. [CrossRef]
20. Steuer, J. Defining virtual reality: Dimensions determining telepresence. J. Commun. 1992, 42, 73–93.
[CrossRef]
21. Larsen, E.; Umminger, F.; Ye, X.; Rimon, N.; Stafford, J.R.; Lou, X. Methods and Systems for User
Interaction Within Virtual Reality Scene Using Head Mounted Display. US Patent Application 10,073,516,
11 September 2018.
22. Yamada, H.; Muto, T. Development of a Hydraulic Tele-Operated Construction Robot using Virtual Reality.
Int. J. Fluid Power 2003, 4, 35–42. [CrossRef]
23. Narang, S.; Best, A.; Randhavane, T.; Shapiro, A.; Manocha, D. PedVR: Simulating gaze-based interactions
between a real user and virtual crowds. In Proceedings of the 22nd ACM conference on virtual reality
software and technology, Munich Germany, 2–4 November 2016; pp. 91–100.
24. Pan, Z.; Cheok, A.D.; Yang, H.; Zhu, J.; Shi, J. Virtual reality and mixed reality for virtual learning
environments. Comput. Graph. 2006, 30, 20–28. [CrossRef]
25. Han, K.; Shah, S.H.H.; Lee, J.W. Holographic Mixed Reality System for Air Traffic Control and Management.
Appl. Sci. 2019, 9, 3370. [CrossRef]
26. Makris, S.; Karagiannis, P.; Koukas, S.; Matthaiakis, A.S. Augmented reality system for operator support in
human–robot collaborative assembly. CIRP Ann. 2016, 65, 61–64. [CrossRef]
27. Ding, C.J.; Ping, D.; Zhang, M.L.; Zhang, Y.F. Design of mobile robot teleoperation system based on virtual
reality. In Proceedings of the 2015 3rd International Conference on Control, Engineering & Information
Technology (CEIT), Tlemcen, Algeria, 25–27 May 2015.
28. Liang, J.S.; Chao, K.M.; Ivey, P. VR-based wheeled mobile robot in application of remote real-time;assembly.
Int. J. Adv. Manuf. Technol. 2013, 64, 1765–1779. [CrossRef]
29. Kato, Y. A remote navigation system for a simple tele-presence robot with virtual reality. In Proceedings of
the 2015 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Hamburg, Germany,
28 September–2 October 2015; pp. 4524–4529. [CrossRef]
30. Desai, P.R.; Desai, P.N.; Ajmera, K.D.; Mehta, K. A review paper on oculus rift-a virtual reality headset.
arXiv 2014, arXiv:1408.1173.
31. Tamura, H.; Yamamoto, H.; Katayama, A. Mixed reality: Future dreams seen at the border between real and
virtual worlds. IEEE Comput. Graph. Appl. 2001, 21, 64–70. [CrossRef]
32. Tepper, O.M.; Rudy, H.L.; Lefkowitz, A.; Weimer, K.A.; Marks, S.M.; Stern, C.S.; Garfein, E.S. Mixed reality
with HoloLens: Where virtual reality meets augmented reality in the operating room. Plastic Reconstr. Surg.
2017, 140, 1066–1070. [CrossRef] [PubMed]
33. Guhl, J.; Tung, S.; Kruger, J. Concept and architecture for programming industrial robots using
augmented reality with mobile devices like microsoft HoloLens. In Proceedings of the 2017 22nd IEEE
International Conference on Emerging Technologies and Factory Automation (ETFA), Limassol, Cyprus,
12–15 September 2017; pp. 1–4. [CrossRef]
34. Luo, J.; Lin, Z.; Li, Y.; Yang, C. A Teleoperation Framework for Mobile Robots Based on Shared Control.
IEEE Robot. Autom. Lett. 2020, 5, 377–384. [CrossRef]
35. De Villiers, M.; Tlale, N. Development of a control model for a four wheel mecanum vehicle. J. Dynam. Syst.
Meas. Control 2012, 134, 011007. [CrossRef]
36. Ulrich, I.; Borenstein, J. VFH+: Reliable obstacle avoidance for fast mobile robots. In Proceedings of the
1998 IEEE International Conference on Robotics and Automation (Cat. No.98CH36146), Leuven, Belgium,
20 May 1998; Volume 2, pp. 1572–1577. [CrossRef]
c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
